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The ob jec t ive  of t h i s  i n v e s t i g a t i o n  is  t o  study mass 
t r a n s p o r t  p o l a r i z a t i o n  and a c t i v a t i o n  p o l a r i z a t i o n  i n  
porous oxygeri e l ec t rodes  e 
The p o l a r i z a t i o n  i n  porous n i c k e l  e l ec t rodes  has been 
measured with varying e l e c t r o c a t a l y s t s ,  s i l v e r ,  pa.lla.dium 
and platinum. The mass t r a n s p o r t  p r o p e r t i e s  of t h e  KOH 
e l e c t r o l y t e ,  e.g. oxygen s o l u b i l i t y , , o x y g e n  d i f f u s i v i t y  
and i o n i c  conduct iv i ty  have been v a r i e d  by changing the  
KOH-concentration f r o m  1 M KOH t o  10 M KOH a t  5OoC and the  
temperature from 2 5 O C  t o  8 5 O C  with  7 M KOH. 
The p o l a r i z a t i o n  decay with time a f t e r  cu r ren t  in te r rup-  
tion has hsen s tudied  f o r  Ag, Pd and Pt e l e c t r o c s t a l y s t s .  
I11 
ABSTRACT 
The o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  i s  t o  st.itdy mass 
t r a n s p o r t  p o l a r i z a t i o n  and a c t i v a t i o n  p o l a r i z a t i o n  i n  
porous oxygen e lec t rodes .  
The p o l a r i z a t i o n  i n  porous n i c k e l  e l e c t r o d e s  has been 
measured wi th  varying e l e c t r o c a t a l y s t s ,  s i l v e r ,  pd lad ium 
and platinum. The mass t r a n s p o r t  p r o p e r t i e s  of  t h e  KOH 
e l e c t r o l y t e ,  e.g. oxygen s o l u b i l i t y ,  oxygen d i f f u s i y i t y  
and i o n i c  conduct iv i ty  have been v a r i e d  by changing the  
KOH-concentration f rom 1 M KOH t o  10 M KOH at 5OoC and the 
temperature from 2 5 O C  t o  8 5 O C  with 7 M KOH, 
The p o l a r i z a t i o n  decay with time a f t e r  cu r ren t  i n t e r r ap -  
tion has bsen s tudied  f o r  Ag, Pd ar,d Pt e l e c t r o c a t a l y s t s .  
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An experimental i n v e s t i g a t i o n  o f  oxygen reduct ion  i n  porous 
e l c  ct--odes shows t h a t  t he  su r face  r e a c t i o n  i s  r a t e - l imi t ing  
for 44, p2  ar,d p t  electyocstslysts i: p=r=ys y;icl<el e l = c t r = -  
des a t  a low p o l a r i z a t i o n  f r o m  r e v e r s i b l e  oxygen e lec t rode .  
Th i s  process  has a higher a c t i v a t i o n  energy, around 8 kcal /  
mole, than  mass t r n r s p o r t  which i s  r a t e - l i m i t i n g  a t  a higher  
p o l a r i z a t i o n  f o r  Ag, Pd and P t  e l e c t r o c a t a l y s t s  with a lower 
a c t i v a t i o n  energy, around 5 kcal/mole. 
S i l v e r  gives a lower p o l a r i z a t i o n  than  palladium and p l a t i -  
num at  l o w  cur ren t  d e n s i t i e s ,  presumably due t o  a d i f f e rence  
i n  e l e c t r o s o r p t i o n  o r  f a s t e r  decompositon o f  hydrogen per- 
oxide ion  (H02-) on s i l v e r .  
The ra te  of oxygen reduct ion  at high p o l a r i z a t i o n  i s  deter- 
mined by mass t r anspor t  and approximatively the  same f o r  a l l  
these  e l e c t r o c a t a l y s t s .  
The shape of cu r ren t  dens i ty  vs d i f f e r e n t i a l  p ressure  (i - p )  
curves at constant  p o t e n t i a l  a r e  the  same f o r  palladium and 
platinum as measured e a r l i e r  f o r  s i l v e r .  
The shape of  t h e  p ? l a r i z a t i o n  curves is  i n  agreement with 
a numerical c a l c u l a t i o n  with the  "thin-f i l m  model" conside- 
r i n g  a l l  forms of p o l a r i z a t i o n .  
Palladium and platinum give  a l m o s t  s t r a i g h t  Tafel l i n e s  
between 0 , 5  and 5 mA/cm2 with a s l o p e  o f  48 mV f o r  Pd and 
-1 0 55 mV f o r  P t .  The exchange c u r r e n t  dens i ty  i s  about 10 
A/cm2 f o r  P t  and smaller than  lo-'' A/cm2 f o r  Pd ( r e a l  cata- 
l y s t  surface area)  i n  7 M KOH at 5OoCe 
1 
SUMMARY 
4.r: exp3rimental i n m a t i g a t  i n n  o f  o l r y g e ~  re&13tion i n  poro1.1~ 
e l r  ct--odes shows t h a t  t h e  su r face  r e a c t i o n  i s  r a t e - l i m i t i n g  
f o r  Ag, Pd and P t  e l e c t r o c a t a l y s t s  i n  porous n i cke l  e l ec t ro -  
des a t  a l o w  p o l a r i z a t i o n  from r e v e r s i b l e  oxygen e l ec t rode ,  
This  process  has  a h igher  a c t i v a t i o n  energy, around 8 kca l /  
mole,  than mass trr-1wport which i s  r a t e - l i m i t i n g  a t  a higher  
p o l a r i z a t i o n  f o r  Ag, Pd and P t  e l e c t r o c a t a l y s t s  with a lower 
a c t i v a t i o n  energy, around 5 kcal/mole. 
1 
S i l v e r  gives a l o w e r  p o l a r i z a t i o n  than  palladium and p l a t i -  
num a t . 1 0 ~  curren t  d e n s i t i e s ,  presumably due t o  a d i f f e rence  
i n  e l e c t r o s o r p t i o n  o r  f a s t e r  decompositon of hydrogen per- 
oxide ion  (HO,') on s i l v e r .  
The r a t e  of oxygen reduct ion  a t  high p o l a r i z a t i o n  i s  deter- 
mined by mass t r anspor t  and approximatively the  same f o r  a l l  
t hese  e l e c t r o c a t a l y s t s .  
The shape of cu r ren t  dens i ty  vs d i f f e r e n t i a l  p ressure  (i - p )  
curves at constant  p o t e n t i a l  a r e  t h e  same f o r  palladium and 
platinum as measured ear l ie r  f o r  s i l v e r .  
The shape o f  t h e  p o l a r i z a t i o n  curves i s  i n  agreement with . 
a numerical c a l c u l a t i o n  with the  " thin-f i lm model" conside- 
r i n g  a l l  forms o f  p o l a r i z a t i o n .  
Palladium and platinum give  a l m o s t  s t r a i g h t  Tafel l i n e s  
between 0 , 5  and 5 mA/cm2 with a s lope  of 48 mV f o r  Pd and 
-10 55 mV f o r  P t .  The exchange cu r ren t  dens i ty  i s  about 10 
A/cm2 f o r  P t  and smaller than  lo-'' A/cm2 f o r  Pd ( r e a l  cata- 
l y s t  su r face  a rea )  i n  7 M KOH a t  5ooce ! '  
i 
2 
EXPERIMENTAL TECHINQUES FOR ELECTRODE EVALUATION 
2.1 
Phys ica l  Measurements on Elec t rodes  
The cha rac t e r i za t ion  and phys ica l  eva lua t ion  of e l ec t rodes  
gene ra l ly  involved t h e  de te rmina t ion  o f  sur f  ace and poro- 
si ty. ,  The methods were descr ibed i n  our  F i r s t  Q u a r t e r l y  
Report (1  ) a 
A s  t h e  e l e c t r o c a t a l y s t s  were s i n t e r e d ,  s p o t t e s t s  were made 
with an e lec t ron  microsond t o  s e e  i f  any a l l o y s  had t e e n .  
formed with t h e  c a r r i e r  ma te r i a l  n i cke l .  This microsond in- 
v e s t i g a t i o n  w a s  made by D r  G Carlsson a t  t h e  Swedish I n s t i -  
t u t e  f o r  Metal Research. 
2.2 
Electrochemical  Measurements on E l  e c t  r o  de s 
It is  necessary t o  hsve a r e fe rence  p o t e n t i a l  when t h e  cu r ren t  
dens i ty  f rom the i-p and i-v curves  are compared for varying 
e l e c t r o l y t e  concent ra t ion  and temperature,  The r e v e r s i b l e  
oxygen p o t e n t i a l  i n  t h e  same s o l u t i o n  i s  t h e  most s u i t a b l e  
re ference  po%ent ia l .  These e l e c t r o d e s  are not  r e v e r s i b l e  
oxygen e l ec t rodes ,  and t h e  r e v e r s i b l e  oxygen p o t e n t i a l  must 
be known from other  information,  The r e v e r s i b l e  oxygen poten- , 
t ia l  f o r  each combination of  KOH-concentration and tempera- 
t u r e  w a s  ca l cu la t ed  with methods descr ibed i n  our  F i r s t  
Quar t e r ly  Report. 
I n v e s t i g a t i o n  of vary ing  d i f f e r e n t i a l  p re s su res  with constant  
p o t e n t i a l  ( i -p  curves)  and p o l a r i z a t i o n  curves (i-v curves)  
with cons tan t  pressure  were ma.de a t  varying temperature and 
e l e c t r o l y t e  concentrat ion.  The measurements were done with 
porous e l ec t rodes  of" two l a y e r s :  a coarse a c t i v e  l a y e r  of  
n i cke l  with s i l v e r ,  palladium o r  platinum as an  a l ec t roca ta -  
l y s t  and a f i n e  porous l a y e r  of n i cke l  f a c i n g  t h e  e l e c t r o l x t c  
s i d e .  
2 
EXPERIMENTAL TECHINQUES FOR ELECTRODE EVALUATION 
2 I 
2.1 
Phys ica l  Measurements on Elec t rodes  
The cha rac t e r i za t ion  and phys ica l  eva lua t ion  o f  e l ec t rodes  
gene ra l ly  involved t h e  determinat ion of  su r f ace  and poro- 
s i t y ,  The methods were descr ibed  i n  our F i r s t  Q u a r t e r l y  
Report (1 ) a 
' A s  t h e  e l e c t r o c a t a l y s t s  were s i n t e r e 3 ,  s p o t t e s t s  were made 
with an  e lec t ron  microsond t o  s e e  i f  any a l l o y s  had been 
formed with the  c a r r i e r  ma te r i a l  n i c k e l ,  This  microsond in- 
v e s t i g a t i o n  w a s  made by D r  G Carlsson a t  t h e  Swedish I n s t i -  
t u t e  f o r  Metal Researcho 
2.2 
Electrochemical  Measurements on E l  ec t  ro des 
It is  necessary t o  have a r e fe rence  p o t e n t i a l  when t h e  cu r ren t  
dens i ty  from the i-p and i-v curves  are compared f o r  vary ing  
e l e c t r o l y t e  concent ra t ion  and temperature,  The r e v e r s i b l e  
oxygen p o t e n t i a l  i n  t h e  same s o l u t i o n  i s  t h e  most s u i t a b l e  
re ference  p o t e n t i a l .  These e l e c t r o d e s  a r e  not  r e v e r s i b l e  
oxygen e l ec t rodes ,  and t h e  r e v e r s i b l e  oxygen p o t e n t i a l  must 
be k o w n  f r o m  o ther  information,  The r e v e r s i b l e  oxygen poten- 
t i a l  f o r  each combination o f  KOH-concentration and tempera- 
ture w a s  c a l c u l a t e d  with methods descr ibed  i n  our  F i r s t  
Quarter ly  Report. 
I n v e s t i g a t i o n  of vary ing  d i f f e r e n t i a l  p re s su res  with constant  
p o t e n t i a l  (i-p curves)  and p o l a r i z a t i o n  curves (i-v curves) 
with cons tan t  pressure were ma.de a t  varying temperature and 
e l e c t r o l y t e  concentrat ion.  The measlrrements were done with 
porous e l ec t rodes  of  two l a y e r s :  a coarse a c t i v e  l a y e r  o f  
n i cke l  with s i l v e r ,  palladium o r  platinum as an a l ec t roca ta -  
l y s t  and a f i n e  porous 12yer  of n i cke l  f a c i n g  t h e  e l e c t r o l y t e  
s ide .  
2 
EXPERIMENTAL TECHINQUES FOR ELECTRODE EVALUATION 
2.1 
Phys ica l  Measarements on Elec t rodes  
The c h a r a c t e r i e a t  i o n  and phys ica l  e v a l m t  ion  o f  e l ec t rodes  
gene ra l ly  involved t h e  determinat ion of su r face  and poro- 
s i t y .  The methods were descr ibed  i n  our  F i r s t  Q u a r t e r l y  
Report (1 ) 
As t h e  e l e c t r o c a t a l y s t s  were sintere.3,  s p o t t e s t s  were made 
with an e lec t ron  microsond t o  see  i f  any a l loys  had,’ceen . 
formed with t h e  c a z r i e r  ma te r i a l  n i cke l .  This  microsond in- 
v e s t i g a t i o n  w a s  made by Dr G Carlsson a t  t h e  Swedish Inu t i -  
t u t e  f o r  Metal Research. 
2.2 
Electrochemical  Measurements on Elec t rodes  
It is  necessary t o  have a r e fe rence  p o t e n t i a l  when t h e  cur ren t  
dens i ty  f rom the i-p and i-v curves  a r e  cornparod f o r  varying 
e l e c t r o l y t e  concent ra t ion  and temperature.  The r e v e r s i b l e  
oxygen p o t e n t i a l  i n  t h e  same s o l u t i o n  i s  t h e  m o s t  s u i t a b l e  
re ference  p o t e n t i a l  . These e l e c t r o d e s  a r e  not  . r e v e r s i b l e  
oxygen electrodes,’  and t h e  r e v e r s i b l e  oxygen p o t e n t i a l  must 
be known from o the r  information. The r e v e r s i b l e  oxygen poten- 
t i a l  f o r  each combination of KOH-concentration and tempera- 
t u r e  w a s  ca l cu la t ed  with methods descr ibed i n  o u r  F i r s t  
Quar t e r ly  Report. 
I n v e s t i g a t i o n  of vary ing  d i f f e r e n t i a l  p re s su res  with constant  
p o t e n t i a l  (i-p curves)  and p o l a r i z a t i o n  curves (i-v curves) 
with constant  pressure were made a t  vary ing  temperature and 
e l e c t r o l y t e  concentrat ion.  The measurements were done with 
porous e l ec t rodes  of  two l a y e r s :  a coarse a c t i v e  l a y e r  of  
n i cke l  with s i l v e r ,  palladium o r  platinum as an a l ec t roca ta -  
l y s t  and a f i n e  porous  l a y e r  of n i cke l  f ac ing  t h e  e l e c t r o l y t e  
s ide .  
The e l e c t r c c a t a l y t i c  a c t i v i t y  vss measured i n  half -ce l l  s with 
$ 35 mm porous d i s c s  as oxygen e l ec t rodes  i n  a holder ,  The 
p o t e n t i a l  i s  measured agairst  a H2 re ference  e l ec t rode  and 
z o z t r ~ l l c d  5y an ASEA p o t e n t l o s t a t ,  
I-p ciirves were  measured a t  a p o t e n t i a l  of  -350 mV vs the  
r e v e r s i b l e  oxygen poter i t ia l  i n  t h e  same s o l u t i o n  with a 
d i f f e r e n t i a l  p ressure  range o f  0,2 - I ,4 atm, P o l a r i z a t i o n  
curves ( i -v j  were measured f o r  each combination of e l ec t ro -  
l y t e  concent ra t ion  and temperature ,  with an optimum di f fe ren-  
t i a l  pressure .  
I-p and i-v curves a r e  measured s tepwise with an i n t e r v a l  
of 3 minutes.  The s e l e c t e d  p o t e n t i a l  o f  -350 mV give;: a 
high r e a c t i o n  rate on t h e  e l e c t r o c a t a l y s t  bu t  a low ra%e on 
t h e  c a r r i e r  mater ia l  of' n i cke l .  
0 Elec t rodes  were  t es5ed  at; 50 C and e l e c t r o l y t e  concentra- 
t i o n s  1 M KOH, 2 M KOH, 4 M KOH, 7 PI KOH and 10 M KOH and 
i n  7 M KOH at  2 5 O C ,  5OoC,  70°C 2nd 8 5 O C o  
Each s o l u t i o n  was t i t r a t e d  t o  - + O , O 5  mol/l, The cel l .  is hea ted  
by a water ba th ,  P o t e n t i a l s  were measured with a Radiometer 
PHI4 22 by means of a Luggin capilla,-y with t h e  % i p  placed i n  
t h e  c e n t r e  of  the e l ec t rode  1 mrn f r o m  t h e  su r face ,  Current i s  
suppl ied  by an ASEA p o t e n t i o s t a t .  The r e fe rence  e i ec t rode .  i s  
a hydroger, e l ec t rode  w i t h  n i cke l  bor ide  e l e c t r o c a t a l y a t  i n  . 
7 M KOH at 50 C w i t h  a. p re s su re  o f  2 , 6  b a r ,  The high cur ren t  
d e n s i t i e s  obtained r e s i r l t  i n  considerabi e measuring problems. 
One o f  these i s  a.n unavoidable vo l t age  &rop between t h e  t i p  
of t h e  re ference  c a p i l l a r y  and t h e  e l ec t rode  su r face ,  This 
R I  drop i s  measured by r a p i d  breaking of t he  cu r ren t  with an 
H g  r e l a y  a t  the same time as t h e  vol tage  process  i s  recorded 
on a s to rage  osc i l loscope ,  This pure ly  ohmic vol tage  d rop  
decays fas ter  than 1 microsecond and can be e a s i l y  dls- 
t i ngu i shed  f r o m  t h e  o the r  p o l a r i z s t i o n  componerAts All mea- 
su red  va lues  have been c c r r e c t e d  for R I  drop i r -  t h i s  way, 
By t h e  use  o f  t h e  same method, t h e  shape of t h e  e n t i r e  decay 
curve has been s t u d i e d  by i n t e r r u p t i n g  the  currerit  from t h e  
same p o t e n t i a l  several  t i n e s  w i t h  d i f f e r e n t  time s e t t i n g s  
on t h e  o s c i l l o a c o p e ,  
0 
An inves t iga t ion  of the  p o t e n t i a l  d i s t r i b u t i o n  i n  t h r e e  
dimensions i n  the e l e c t r o l y t e  ou t s ide  t h e  e l e c t r o d e  showed a 
s l i g h t l y  uneven cu r ren t  d i s t r i b u t i o n  with about 10 $ higher  
c-icrrent densl ty i: t h e  middle %ha= a t  the edge of the electro-  
de d isc .  A c a p i l l a r y  holder  w a s  made i n  t h e  middle of  t he  
e l e c t r o d e ,  This t e s t  also showed t h a t  t h e  d i s t ance  of t he  cap i l -  
l a r y  t i p  t o  the e l ec t rode  i s  not  important,  as t h i s  i s  cor- 
r e c t e d  by measuring the  R I  drop wi th  the  s to rage  o s c i l l o -  
scope 
E l e c t r o c e  p repa ra t ion  
Hydrophi l ic  oxygen e l e c t r o d e s  w i t h  a diameter of 35 mm and a 
th i ckness  o f  about 1,8 mm were made with s i lver  e l ec t roca ta -  
l y s t ,  palladium e l e c t r o c a t a l y s t  and platinum e l e c t r o c a t a l y s t ,  
and 95 weight % n icke l .  The p repa ra t ion  comprises p re s s ing  
and s i n t e r i n g  a mixture of n i cke l  and e l e c t r o c a t a l y s t ,  The 
content  of e l e c t r o c a t a l y s t  i n  t h e  a c t i v e  l a y e r  i s  5,0 weight 
$. The e l ec t rodes  f o r  e l e c t r o c a t a l y t i c  t e s t i n g  were provided 
wi th  a f i n e  porous l a y e r  on  t h e  e l e c t r o l y t e  s i d e .  This l a y e r  




Phys ica l  P r o p e r t i e s  of E lec t rodes  with y_- s i l v e r t  palladium and platinum e lec t roca taLgs t  
The th i ckness  of t h e  a c t i v e  l a y e r  was 1600 microns and the  
th ickness  of the f i n e  l a y e r  was 200 microns. 
I 
BET su r face  area and p o r o s i t y  were measured f o r  t he  a c t i v e  
l a y e r s  and l i s t e d  i n  t a b e l  1. 
Table 1. BET surface a r e a  and p o r o s i t y  f o r  d i f f e r e n t  a c t i v e  
1 ayer s 
Elec t rode  mater ia l  
95 % N i ,  5 % & 
I I  I I  
II I I  
95 $ Ni, 5 $ Ag, average 
95 k N i ,  5 k Pd 
I I  II 
95 % N i ,  5 $ Pd, avera.ge 
95 % N i ,  5 '$ Pt, average 
100 % N i  
II 
I 1  
100 % N i ,  average 
BET m2/% 


























The ma jo r i ty  o f  t h e  su r face  a r e a  i n  the  a c t i v e  l a y e r  c o n s i s t s  
of t h e  sufiporting ma.teria1 n i c k e l .  E lec t rodes  with palladium 
have t h e  highest  e l e c t r o c a t a l y s t  su r f ace  a r e a ,  followed by 
s i l v e r  and plat imm. 
Elec t rodes  w i t h  platinum e le . c t roca ta lys t  have a s l i g h t l y  
h igher  porosi tg  t h a n  the  o t h e r  e l ec t rodes .  
... 
S p o t  a n a l y s i s  with an zleotron ~ i ~ l - o s o n d  showed, t h a t  the  
e l e c t r o c a t a l y s t s  s i l v e r ,  palladium and platinum are present  
as pure metals  i n  t h e  e l e c t r o d e  s t r u c t u r e  and not  a l l o y e d  
with n icke l .  
The e l e c t r o c a t a l y s t s  are evenly d i s t r i b u t e d  
ness  of t h e  a c t i v e  l aye r .  Platinum has s i n t e r e d  t o  form 
p a r t i c l e s  up t o  5 microns while s i l v e r  and palladium a r e  
considerably smaller.  This exp la ins  t h e  low BET-surface of 
t h e  e l e c t r o d e s  wi th  platinum. 
over t he  thick-  
Electrochemical  comparison f o r  e l ec t rodes  with Ag,  Pd and P t  e l e c t r o c a t a l y s t s  
The v a r i a t i o n  of cur ren t  d e n s i t y  with the  pressure  d i f fe rence  
between oxygen and t h e  e l e c t r o l y t e  a t  a cons tan t  p o l a r i z a t i o n  
of -350 vs t h e  r e v e r s i b l e  oxygen e l ec t rode  was measured f o r  
e 1 e c t r o  des with p a1 1 adium and p l a t  inum e l  e c tr o c a t  a1 ys  t s . 
The d i f f e r e n t i a l  p re s su re  w a s  i nc reased  from 0 ,2  atm up t o  
l , 4  atm and down i n  0 , 2  a t m  s t eps .  Fig.  1 shows a t y p i c a l  
curve with palladium e l e c t r o c a t a l y s t .  The cu r ren t  dens i ty  
inc reases  with d i f f e r e n t i a l  p ressure  up t o  a m a x i m u m  at 0 , 6  
a t m  and then  decreases.  
Lindholm ( 3 )  explained t h i s  decrease i n  c u r r e n t  dens i ty  at 
h igher  d i f f e r e n t i a l  p re s su res  as a " th inning  ou t  e f f e c t "  of 
the l i q u i d  films. 
Lindstram (4) measured t h e  gas p e n e t r a t i o n  i n t o  t h e  pores  
and t h e  r e s i s t a n c e  a long  t h e  l i q u i d  f i l m s  at vary ing  d i f fe ren-  
t i a l  pressure .  H e  r epor t ed  on an  i n t e r p l a y  between f i l m  area, 
f i l m  r e s i s t a n c e  and cu r ren t  dens i ty ,  A t  h igher  d i f f e r e n t i a l  
p re s su res ,  he found a f u r t h e r  increase  i n  gas pene t r a t ion  and 
an increase  i n  t h e  f i l m  r e s i s t a n c e ,  It i s  thus  apparent  
t h a t  t h e  r a t e  o f  mass t r a n s p o r t  of OH- ions  and H 2 0  a long t h e  
l i q u i d  films i s  slower a t  a h igher  d i f f e r e n t i a l  p ressure .  
The shape of these  i-p curves  i s  t h e  same f o r  palladium and 
platinum as the C U I ' V ~ Y  measured e a r l i e r  with s i l v e r ,  mentioned 
i n  t h e  F i r s t  an?  Second Qiiar ter ly  Report  (1, 2) .  
Fig.  2 shows po la r i za t ion  curves a t  50°C with varying 
e l e c t r o l y t e  concentrat ion from 1 I4 KOH t o  10 M KOH f o r  pa l la -  
dium e l e c t r o c a t a l y s t .  
The open c i r c u i t  p o t e n t i a l  i s  more than 200 mV from t h e  rever- 
s i b l e  oxygen p o t e n t i a l .  A t  open c i r c u i t  and a t  a low cu r ren t  
drW7sit.y the  & i q 7 r a m  c , ~ ~ k ; T ~  t h e  ;=>rest p&zr iza t i cn  fzr 2 high 
e l e c t r o l y t e  concentrat ion,  10 M KOH, and t h e  h ighes t  po lar iza-  
t i o n  f o r  a low e l e c t r o l y t e  concent ra t ion ,  1 M KOH. 
A t  h igher  cur ren t  d e n s i t i e s  t h e r e  i s  a d i f f e rence  i n  the  
o rde r  of t h e  p o l a r i z a t i o n  curves with t h e  l o w e s t  po lar iza-  
t i o n  f o r  t h e  l o w e s t  e l e c t r o l y t e  concent ra t ion ,  1 M KOH, and 
inc reased  p o l a r i z a t i o n  with increased  KOH-concentration. They 
g ive  approximatively s t r a i g h t  l i n e s  i n  a l i n e a r  diagram at 
high cu r ren t  densi ty .  This i s  t h e  same shape of  t h e  curves 
as r epor t ed  earlier with s i lver ,  t h e  main d i f f e r e n c e s  'being 
t h a t  t h e  open c i r c u i t  p o l a r i z a t i o n  is higher  f o r  palladium 
and t h a t  t h e  cur ren t  d e n s i t i e s  a r e  smal le r  f o r  t h e  same 
p o t e n t i a l  up t o  about -350 mV. Platinum e l e c t r o c a t a l y s t  has  
t h e  same general  behaviour as palladium. 
Fig.  3 and 4 shows  a comparison of Ag,  Pd, P t  and only t h e  
n i cke l  s t r u c t u r e  f o r  7 M KOH at 25' and 7OoC.  The n i cke l  s t r u c -  
t u r e  shows a high p o l a r i z a t i o n  a l r eady  at low cu r ren t  densi- 
t i e s .  S i l v e r  e l e c t r o c a t a l y s t  shows t h e  lowest p o l a r i z a t i o n  
at lower current d e n s i t i e s .  The p o l a r i z a t i o n  at  h igher  cu r ren t  
d e n s i t i e s  is a b o u t  t h e  same f o r  a l l  t h e  e l e c t r o c a t a l y s t s .  
These d a t a  support  t he  suggest ion made i n  our  F i r s t  Quar te r ly  
Report t h a t  t h e  su r face  r e a c t i o n  i s  r a t e - l i m i t i n g  a t  low 
c u r r e n t  d e n s i t i e s  and t h a t  mass t r a n s p o r t  i s  r a t e - l i m i t i n g  
at high cu r ren t  d e n s i t i e s ,  g i v i n g  t h e  l o w e s t  p o l a r i z a t i o n  
f o r  an e l e c t r o l y t e  with l o w  KOH-concentration. 
The rate- l imit ing su r face  r e a c t i o n  a t  low c u r r e n t  d e n s i t i e s  
and rate-l imiting mass t r a n s p o r t  a t  high c u r r e n t  d e n s i t i e s  
ex is t s  f o r  many r e a c t i o n s  on a plane e l ec t rode .  It i s  i n t e r e s -  
t i n g  t o  see the  same behaviouk. i n  a porous e l e c t r o d e , T h i s  is  
of course inf luenced by t h e  low r a t e  cons tan t  io f o r  t h e  
su r face  reactioii .  
i 
The d i f fe rences  between t h e  e l e c t r o c a t a l y s t s  appear a t  low 
cu r ren t  dens i t i e s .  With palladium and platinum, the re  i s  
an almost s t r a i g h t  l i n e  between 0 ,5  and 5 mA/crn2 i n  a q - l o g  . 
i, diagram i n  accordance with T s f e i s  formula Q = a + b l o g  i, 
while s i l v e r  has a s l i g h t l y  rounded curve. The b va lues  bet-  
ween 0,5 and 5 mA/crn2 a r e  shown i n  t a b l e  2. The increase  i n  
p o l a r i z a t i o n  over t h e  s t r a i g h t  Tafel  l i n e  above 5 mA/cm 2 is 
mainly due t o  mass t r a n s p o r t  po la r i za t ion .  
Table 2. b-values i n  mV f o r  d i f f e r e n t  e l e c t r o c a t a l y s t s  
M KOH - C 0 - Pd - P t  -
1 50 49- 50 ’ 56 
2 50 47 48 60 
7 50 48 48 55 
10 50 50 44 52 
4 50 44 48 62 
7 25 6a 45 53 
7 50 48 48 55 
7 70 40 40 49 
7 85 36 43 43 
All t hese  b-values are around 50 mV, and t h e  only  t r e n d  is  
t h a t  s i l v e r  has a lower b-value with an inc rease  i n  tempera- 
ture. This i s  n o t  caused by a change o f  s lope  of a s t r a i g h t  
l i n e ,  but  caused by a the  more curved form f o r  s i lver  a t  
25OC. 
The b va lue  has  r e c e n t l y  been measured i n  1 M KOH t o  60 mV 
f o r  platinum by Damjanovic, Dey and Bockris (3) and i n  0 , l  
M NaOH t o  53 mV f o r  platinum and 46 mV for palladium by 
Gnanamuthu and P e t r o c e l l i  (4).  Beer and Sandler  (5) have 
r epor t ed  t h a t  s i l v e r  g ives  no Tafe l  l i n e  i n  pre-e lec t ro lyzed  
15 $ KOH so lu t ion .  
Our r e s u l t s  i n d i c a t e  a d i f f e r e n c e  i n  t h e  mechanism f o r  oxygen 
reduct ion  between s i l v e r  and t h e  o t h e r  e l e c t r o c a t a l y s t s  - 
pallad-iwn and platinum. 
The d i f f e rences  between the  e l e c t r o c a t a l y s t s  appear a t  l o w  
cu r ren t  dens i t i e s .  With palladium and platinum, the re  is 
an almost s t r a i g h t  l i n e  between 0 , 5  and 5 mA/cm2 i n  a ? - l o g  
i, diagram i n  accordance w i t h  Tafels formula 
while s i l v e r  has a s l i g h t l y  rounded curve. The b va lues  bet-  
ween 0,5 and 5 mA/cm2 are shown i n  t a b l e  2. The increase  i n  
p o l a r i z a t i o n  over t h e  s t r a i g h t  Tafel l i n e  above 5 mA/cm 
mainly due t o  mass t r a n s p o r t  p o l a r i z a t i o n ,  
'1 = a + b l o g  i, 
2 is 
Table 2. b-values i n  mV f o r  d i f f e r e n t  e l e c t r o c a t a l y s t s  
M KOH - C 0 _. Pd - P t  -
I 50 49. 50 56. ' 
2 50 47 48 60 
7 50 48 48 55 
10 50 50 44 52 
4 50 44 48 62 
7 25 68 45 53 
7 50 48 48 55 
7 70 40 40 49 
7 85 36 43 43 
A l l  t hese  b-values a r e  around 50 mV, and t h e  only  t r e n d  is  
that s i lver  has a lower b-value with an increase  i n  tempera- 
t u r e .  This is notpcaused by a change o f  s lope  o f  a s t r a i g h t  
l i n e ,  but caused by a t h e  more.curved form f o r  s i l v e r  a t  
25OC. 
The b value has r e c e n t l y  been measured i n  1 M KOH t o  60 mV 
f o r  platinum by Damjanovic, Dey and Bockris (3) and i n  0,1 
M NaOH t o  53 mV f o r  platinum and 46 mV f o r  palladium by 
Gnanamuthu and P e t r o c e l l i  (4). Beer and Sandler  (5)  have 
r epor t ed  t h a t  s i l v e r  g ives  no Ta fe l  l i n e  i n  pre-e lec t ro lyzed  
15 $ KOH so lu t ion .  
Our r e s u l t s  i nd ica t e  a d i f f e rence  i n  t h e  mechanism f o r  oxygen 
r educ t ion  between s i l v e r  and t h e  o t h e r  e l e c t r o c a t a l y s t s  - 
palladium and platinum. 
We have earlier showed t h a t  t h e  increase  i n  cu r ren t  dens i ty  
with p o l a r i z a t i o n  .% 
func t ion  m, f o r  s i l v e r  a t  h igh  p o l a r i z a t i o n  when t h e  
KOH-concentration i s  v a r i e d  between 2 and 10 M and t h e  tem- 
pe ra tu re  between 25 and 850c. 
i s  propor t iona l  v s  t h e  mass t r anspor t  dv 
This projgrtiana:i ty can now be e x t e n d e 2  t o  t h e  o t k c r  
d i  e l e c t r o c a t a l y s t s .  Diagram 5 shows a comparison between - 
dv2 
and fcfl f o r  palladium. This diagram inc ludes  both p o i n t s  
for varying KOH-concentration and p o i n t s  f o r  vary ing  t e m -  
pera ture .  There i s  a l i n e a r  dependence of 2 with /- a t  
high po la r i za t ion .  
dl 
The dependence on temperature has been s t u d i e d  f o r  e l e c t r o d e s  
with d i f f e r e n t  e l e c t r o c a t a l y s t  i n  t h e  a c t i v e  l a y e r  wi th in  
t h e  most i n t e r e s t i n g  temperature range, i .e,  25' - 85OC. 
The exchange current  dens i ty ,  io, could be c a l c u l a t e d  with 
Pd and P t  e l e c t r o c a t a l y s t s  a t  25 and 50°C where a s t r a i g h t  
l i n e  w a s  obtained. 
x'f, 
Table 3 Exchange cu r ren t  dens i ty  i n  7 M KOH A/cm2 ( e l ec t rode  
c r o s s  s e c t i o n  s u r f a c e )  
Pt -Pd E l e c t r o c a t a l y s t  -
5OoC 1 0-8 . 10-7 
25OC b I 0-9 1 o-8 
2 2  The real  e l e c t r o c a t a l y s t  sur face  a r e a  is about 100 c m  /cm 
c r o s s  s e c t i o n  f o r  Pt .  The value of  io f o r  r e a l  e l e c t r o c a t a -  
l y s t  a r e a  a t  2ToC about 10-l' A/cm2 f o r  P t  and about 2 
A/cm2 f o r  Pd from o w  measurements. 
pared  with 3 * 10'' A/cm2 i n  1 M KOH measured by Damjanovic 
e t  a1 ( 5 )  and 
0, l  M NaOH measured by Gnanamuthu and P e t r o c e l l i  ( 6 ) ,  
These va lues  can be com- 
-1 2 A/cm2 f o r  P t  and 10 A/cm2 f o r  Pd i n  
Fig. 6 shows p o l a r i z a t i o n  curves for platinum i n  7 M KOH a t  
d i f f e r e n t  temperatures. The p o l a r i z a t i o n  decreases  with 
increased  temperature. A t  h igh cu r ren t  d e n s i t i e s  t h e r e  i s  a 
tendency towards  1 imitine; cu r ren t  dens i ty  f o r  t h s  lower tom- 
pe r s tu re s .  
We have e a r l i e r  showed t h a t  t h e  increase  i n  cu r ren t  dens i ty  
wi th  p o l a r i z a t i o n  
func t ion  m, f o r  s i l v e r  a t  high p o l a r i z a t i o n  when t h e  
KOH-concentration is v a r i e d  between 2 and 10 M and t h e  tem- 
pe ra tu re  between 25 and 85oc. 
i s  propor t iona l  v s  t h e  mass t r anspor t  
dY1 
m1.4- - - - - - n + A - n - l + + - r  ~ O I I  m n ~ . r  be nv+amaoa . 4 - ~  t h e  n t h ~ r  
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e l e c t r o c a t a l y s t s .  Diagram 5 shows a comparison between - d i  
dr? 
and d r f l  f o r  palladium. This diagram inc ludes  both p o i n t s  
f o r  varying KOH-concentration and po in t s  f o r  vary ing  tem- 
d i  pe ra tu re .  There i s  a l i n e a r  dependence of  - with /r@ a t  
high po la r i za t ion .  
dl 
The dependence on temperature has  been s t u d i e d  f o r  e l ec t rodes  
with d i f f e r e n t  e l e c t r o c a t a l y s t  i n  t h e  active l a y e r  wi th in  
t h e  most i n t e r e s t i n g  temperature range, i.e. 25' - 85OC. 
The exchange current  dens i ty ,  io, could be c a l c u l a t e d  with 
Pd and P t  e l e c t r o c a t a l y s t s  a t  25 and 50°C where a s t r a i g h t  
l i n e  was obtained. 
?'I., 
Table 3 . Exchange cu r ren t  d e n s i t y  i n  7 M KOH A/cm2 ( e l ec t rode  
c r o s s  s e c t i o n  s u r f a c e )  
P t  -Pd -E l e c t  r o c a t  a1 ys t 
2 5 O C  1 0-9 1 o-8 
5OoC 1 1 0-7 
2 2  The real e l e c t r o c a t a l y s t  su r f ace  a r e a  is  about 100 c m  / c m  
c r o s s  s e c t i o n  f o r  P t .  The va lue  of  i f o r  real  e l e c t r o c a t a -  
lyst  a r e a  a t  25OC about lo-'' A/cm2 f o r  P t  and about 2 
A/cm2 f o r  P d  from o u r  measurements. 
pared with 3 . 10-l' A/cm2 i n  1 M KOH measured by Damjanovic 
0 
These va lues  can be corn- 
e t  a1 ( 5 )  and 10-l' A/cm2 f o r  P t  and 10 -1 2 A/cm2 f o r  Pd i n  
0 , l  M NaOH measured by Gnanamuthu and P e t r o c e l l i  ( 6 )  e 
Fig.  6 shows p o l a r i z a t i o n  curves f o r  platinum i n  7 M KOH a t  
d i f f e r e n t  temperatures. The p o l a r i z a t i o n  decreases  with 
increased  temperature. A t  high cur ren t  d e n s i t i e s  t h e r e  i s  a 
tendency towards 1 irni t ing c u r r e n t  dens i ty  f o r  t h e  lower tom- 
pera tures .  
The e l e c t r o d e s  give an approximztively l i n e a r  r e l a t i o n s h i p  
between l o g  cur ren t  dens i ty  a t  a given p o l a r i z a t i o n  and 1/T 
from which an a c t i v a t i o n  energy can be c a l c u l a t e d  which com- 
p r i s e s  t h e  whole r e a c t i o n  cycle .  
Fig. 7 shows a comparison from t h e  po la r i za t io r ,  curves o f  
t h e  r e a c t i o n  rate - t h e  cu r ren t  dens i ty  - at; a low polar iza-  
tisr, zf 300 mV and 3 high p 3 l z r i z s t i o n  of 50s mV, Thc ac t ivs -  
t i o n  energy from f i g .  6 i s  shown i n  t a b e l  4. 
Tabel 4 Act iva t ion  energy for oxygen reduct ion  i n  7 M KOH at 
-300 and -500 mV vs  r e v e r s i b l e  oxygen p o t e n t i a l  i n  
same so lu t ion  kcal/mole, temperature range 25 - 8 5 O c  
-300 mV -500 mV 
S i l v e r  894 598 
Palladium 7,8 494 
Platinum 8,O 497 
The h igher  a c t i v a t i o n  a t  a low p o l a r i z a t i o n  f o r  a l l  e lectro-  
catalysts supports  t h e  conclusion t h a t  t h e  su r face  r e a c t i o n  
is ra t e - l imi t ing  a t  a l o w  p o l a r i z a t i o n  wikh a h igh  a c t i v a t i o n  
energy and t h a t  mass t r a n s p o r t  is r a t e - l i m i t i n g  a t  h igher  
cu r ren t  d e n s i t i e s  g iv ing  a lower ac t iva t io i i  energy. 
The c a l c u l a t e d  a c t i v a t i o n  energy f o r  a t h e o r e t i c a l  expression 
of the rate of mass t r a n s p o r t ,  fr$ is  5 , O kca l  which is 
very near  our measured va lues  at 500 mV p o l a r i z a t i o n .  This 
express ion  is from Austins " thin-f i lm theory" (8) 
i = i s P ' W  / = =  
S = oxygen s o l u b i l i t y  i n  KOH 
D = oxygen d i f f u s i v i t y  i n  KOH 
8 = conduct iv i ty  i n  KOH 
3 . 3  
The decay of p o l a r i z a t i o n  with t i m e  f o r  Ag, Pd and P t  e l e c t r o c a t a l y s t s  
There are many t r a n s i e n t  methods a v a i l a b l e  t o  s tudy  e l ec t ro -  
chea ica l  r e a c t i o n s ,  bu t  i t  is r a t h e r  d i f f i c u l t  t o  apply these 
methods t o  porous e l e c t r o d e s ,  t h e  main d i f f i c u l t y  being t h e  
p o t e n t i a l  d i s t r i b u t i o n  i n  t h e  l i q u i d  films, while t h e  poten- 
t i a l  i s  measurcd i n  t h e  bulk s o l u t i o n .  We have chosen the  
p o t e n t i a l  decay 1ne1,hod v:.hi.ch i s  a s t r a i g h t  forward approach 
t o  tho problem. 
11 -2- 
We have measured t h e  decay of p o l a r i z a t i o n  a f t e r  cu r ren t  
i n t e r r u p t  ion  with the  d i f f e r e n t  e l  e c  t r o  cat  a1 y s  t s 
The process  a f t e r  cu r ren t  i n t e r r u p t i o n  i s  a combination of 
i n t e r n a l  s h o r t - c i r c u i t  c u r r e n t s  with su r face  r e a c t i o n s ,  
changenent i n  double l a y e r  capac i ty ,  d i f f u s i o n  o f  02 through 
t h e  l i q ~ i d  film ar,d d i f f u s i o n  nf OH- and H - 0  a long  the  l i q u i d  
f i l m s ,  e l e c t r o s o r p t i o n  of oyzgen and decomposition of H02 a 
These processes  g ive  an equi l ibr ium a t  s teady  s t a t e ,  These 
processes  a r e  schematical ly  shown i n  fig,, 8, 
- L 
Fig.  9 show6 decay curves f o r  an e l ec t rode  with s i l v e r  
e l e c t r o c a t a l y s t .  The p o t e n t i a l  before  i n t e r r u p t i o n  w a s  -350 mV 
v s  r e v e r s i b l e  oxygen e l ec t rode .  This  f i g u r e  shows the  e f f e c t  
o f v a r y i n g  d i f f e r e n t i a l  p ressure  between oxygen and t h e  e l e c t r o -  
l y t e ,  from 0,6 a t m  up t o  1 , 4  atm. The e l ec t rode  conta ins  a 
s i g n i f i c a n t  amount of gas  wi th in  t h e  pore s t r u c t u r e  f o r  a l l  
these  pressures .  The decay curves a r e  very similiar, with a 
l i t t l e  faster decay of p o l a r i z a t i o n  a t  the  h ighes t  differen-  
t i a l  pressure .  
F i g ,  10 g ives  the  p o l a r i z a t i o n  decay f o r  an e l ec t rode  with 
s i l ve r  e l e c t r o c a t a l y s t .  The p o t e n t i a l  before  i n t e r r u p t i o n  w a s  
-3 50 mV and - 500 mV v s  rev.  02, and the  KOH-concentration 
2 M KOH and 10 M KOH. The f i g u r e  shows t h a t  t h e  oxygen electro-  
de i n  10 M KOH decays towards a more p o s i t i v e  value than i n  
2 M KOH, and t h a t  t h e  decay from a higher  p o l a r i z a t i o n  i s  
f a s t e r  i n  the beginning up t o  about 0,4 s a f t e r  cu r ren t  
i n t e r r u p t i o n  and t h a t  t h e  curves with d i f f e r e n t  p o l a r i z a t i o n  
have t h e  same r a t e  of  decay a f t e r  0,4 S. 
Fig.  11 shows a comparison o f  p o l a r i z a t i o n  f o r  A g ,  Pd and 
P t  e l e c t r o c a t a l y s t s .  S i l v e r  has  a fas ter  decay o f  t he  po la r i . . i -  
t i o n ,  and reaches a more ? o s i t i v e  p o t e n t i a l  than platinum and 
palladium. A l l  decay curves g ive  s t r a i g h t  l i n e  i n  a 
diagram f r o m  0,001 s up t o  a c e r t a i n  time where t h e  s lope  
becomes s teeper .  This l i n e a r  po r t ion  i s  considerably s h o r t e r  
f o r  s i l v e r  than f o r  t h e  o t h e r  e l e c t r o c a t a l y s t s .  
7 - l o g t  
The t o t a l  process a f t e r  cu r ren t  i n t e r r u p t i o n  can be divided 
i n  t h e  following s tages :  
I .  Short c i r c u i t  c u r r e n t s  ( f a s t )  
2. 
3. 
4. Elec t roso rp t ion  o f  oxygen 
5. 
Diffusion of O2 through t h e  l i q u i d  f i l m  ( r e l a t i v e l y  fast)  
Diffusion o f  OH-, K + and H,O a long t h e  f i l m  ( s l o w )  - 
Peroxide decomposition (chemical o r  e lec t rochemica l )  
The r a t e  o f  s tage 1, 2 and 3 should not d i f f e r  very  much ' 
f o r  d i f f e r e n t  e l e c t r o c a t a l y s t s .  
The s h o r t  c i r c u i t  c u r r e n t s  a r e  t h e  main p a r t  i n  t he  f i rs t  
s t r a i g h t  l i n e  decay o f  p o l a r i z a t i o n  while t h e  l a t t e r  p a r t  
i s  caused from t h e  slower processes .  The d i f f e rence  between 
t h e  e l e c t r o c a t a l y s t s  can be expla ined  by e i t h e r :  
. I  
1. F a s t e r  e l e c t r o s o r p t i o n  of oxygen on s i l v e r  o r  
2. Faster peroxide decomposition on s i lvsr .  
It i s  not poss ib le  t o  sepa ra t e  these  two with t h i s  experi-  
mental mater ia l .  
The sur face  a rea  f o r  e l e c t r o d e s  inc reases  i n  t h e  o rde r  
P t d  Ag C P d .  This d i f f e rence  could inf luence  t h e  P t  curve. 
b 
Fig. 12  shows the  inf luence  o f  temperature of t h e  polar iza-  
t i o n  decay from -350 mV f o r  platinum. An inc rease  i n  tempera- 
t u r e  g i v e s  a s t eepe r  s lope  on t h e  first s t r a i g h t  l i n e ,  and a 
change t o  a s t eepe r  s lope  a t  an e a r l i e r  time. The ra te  o f  
decay is  about 50 t imes fas ter  a t  8OoC compared with 25'C. 
This  large change i n  the  r a t e  o f  decay cannot be explained by 
d i f f e rences  i n  mass t r a n s p o r t  p rope r t i e s .  
A su r face  r eac t ion  with a high a c t i v a t i o n  energy o r  a com- 
b i n a t i o n  of d i f f e r e n t  su r f ace  r e a c t i o n s  a r e  t h e  r a t e - l i m i t i n g  
s t a g e s  i n  t h e  decay of p o l a r i z a t i o n  
3.4 
Pore s t r u c t u r e  
The pore s t r u c t u r e  has  been inves t iga t ed  with the  experimen- 
t a i  techxique descr ibed b y  Linds t ran  (4 j .  “his techniqze 
comprises a method t o  measure t h e  r e l a t i v e  amount of gas and 
l i q u i d  i n  t h e  pores a t  varying d i f f e r e n t i a l  p ressure  by means 
of a gas porosimeter. The su r face  a r e a  o f  t h e  l i q u i d  f i l m  i n  
t he  pores  i s  ca l cu la t ed  from t h i s  da t a  with a computer (GE 625). 
The . r e s i s t ance  a long  t h e  l i q u i d  f i l m s  i s  measured with a s p e c i a l  
e l ec t rode  layer’ conta in ing  an a c t i v e  pore l a y e r  i n  the  middle 
and a f i n e  pore on each s ide .  This  e l ec t rode  i s  f i l l e d  with 
e l e c t r o l y t e  i n  a s p e c i a l  t e s t  c e l l  and t h e  r e s i s t a n c e  between 
t h e  d i f f e r e n t  s i d e s  of t h e  e l e c t r o d e  i s  measured by re ference  
e l e c t r o d e s  when a cu r ren t  is passed through t h e  e l e d t r o l y t e  . 
The cur ren t  i s  s e l e c t e d  t o  a low va lue  when a l l  t h e  conduc- 
t i v i t y  through t h e  e l ec t rode  i s  v ia  t h e  e l e c t r o l y t e .  A n i t r o -  
gen gas pressure  i s  app l i ed  from the  c y l i n d r i c a l  a r e a  of t h e  
e l ec t rodes ,  and t h e  r e s i s t a n c e  a long  the  l i q u i d  f i l m s  can 
be measured a t  varying d i f f e r e n t i a l  pressures .  
These experiments were performed with s i l v e r  e l e c t r o c a t a l y s t  
with a ‘1600 Ticrons deep a c t i v e  l a y e r ,  7 .M KOH a t  50°C. 
The amount  of gas i n  t h e  pore system is  shown i n  f ig .  13, 
and the  ca l cu la t ed  f i l m  su r f ace  area i n  f ig .  14. 
The r e s i s t a n c e  a long  the  l i q u i d  f i l m s  with vary ing  d i f fe ren-  
t i a l  pressure  is  shown i n  f i g .  15. When t h e  r e s i s t a n c e  along 
the  f i l m s  and the  content  of e l e c t r o l y t e  i n  t h e  pores a r e  
known, i t  is poss ib le  t o  c a l c u l a t e  s t o r t u o s i t y  f a c t o r ,  K t .  
This  f a c t o r  i s  def ined  as t h e  r a t i o  of t h e  measured r e s i -  
s t ance  i n  t h e  l i q u i d  f i l m  t o  a c a l c u l a t e d  r e s i s t a n c e  f o r  t h e  
same mount  of l i q u i d  i n  a s t r a i g h t  pore without bends and 
area r e s t r i c t i o n s .  
Fig. 16 shows the r e l a t i v e  conduc t iv i ty  i n  t h e  l i q u i d  f i l m s  
as a func t ion  o f  t h e  amount o f  l i q u i d  i n  t h e  pore volume. 
The t o r t u o s i t y  f a c t o r  was measured t o  1,84 when a l l  pores  
a r e  f i l l e d  w i t h  e l e c t r o l y t e .  The r e l a t i v e  f i l m  conduct ivi  b y  
i s  lowered more than c a l c u l a t e d  from the  smal le r  content o f  
l i q u i d  i n  t h ?  p o r e s ,  T h i s . i s  due t o  an increase  i n  the  t o r t u o -  
Fig.  I7  shows the f i l m  a r ea ,  r e l a t i v e  conduct iv i ty  of the  f i l m ,  
and cu r ren t  dens i ty  a t  -350 mV p o l a r i z a t i o n  vs r e v e r s i b l e  
oxygen e l e c t r o d e  i n  7 M KOH and 50°C as a func t ion  of t he  
d i f f e r e n t i a l  pressure.  These curves were measured i n  th ree  
sepa ra t e  measurements. The c u r r e n t  dens i ty  f i r s t  increases  
---J.l...2--...--r.-...m w i u u ~ u u ~ ~ o , o L l l 6  LIIuIUI1.U-LUI - iPPnnfimC< -  I""""^ - n 7 a ~ ~ 1 7 7 ~  $ ~ p  t o  increased f i l m  
area, reaches an optimum and then  decreases  due t o  t h e  decreased 
f i l m  conduct ivi ty .  
I -‘e 
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V U A  uAhyc71 A i u G A 1  ~“Uo~i- i  a dlffei-erice be i w e e r i  s i l v e r  arid 
t h e  platinum metals a t  l o w  c u r r e n t  dens i ty  g i v i n g  a lower 
p o l a r i z a t i o n  f o r  s i l v e r  e l e c t r o c a t a l y s t .  A l i t e r a t u r e  search  
was made t o  f i n d  ou t  poss ib l e  d i f f e rences  and an  explanat ion 
why s i l v e r  gives  a lower po la r i za t ion .  
Much of t h e  e f f o r t  i n  cu r ren t  e lectrochemical  r e sea rch  i s  
devoted t o  t h e  e luc ida t ion  o f  t h e  mechanism o f  t he  oxygen 
e l e c t r o d e ,  however most o f  t h i s  work r e f e r s  t o  oxygen evolu- 
t i o n  o r  reduct ion  i n a n  a c i d  s o l u t i o n .  I d e a l l y ,  t h e  r e a c t i o n  
at t h e  oxygen e l ec t rode  i n  a l k a l i n e  e l e c t r o l y t e  would be 
O2 + 2H20 t 4 e - p  40H- (1) 
A t  25OC t h i s  r e a c t i o n  shou ld - t ake  p lace  a t  a p o t e n t i a l  o f  
1.23 v o l t  vs a r e v e r s i b l e  hydrogen e l ec t rode  bu t  i t  i s  not 
yet poss ib l e  t o  make e l ec t rodes  t h a t  can reach  t h i s  poten- 
t i a l  and sustain c u r r e n t  near  t h e  t h e o r e t i c a l  p o t e n t i a l  i n  al- 
k a l i n e  so lu t ion .  
4.2 
# 
React ion mechanism on carbon 
Ber l  (9) showed t h a t  hydrogen peroxide was an in te rmedia te  
i n  the reduct ion  of oxygen on carbon e l e c t r o d e s  i n  a l k a l i n e  
e l e k t r o l y t e  where t h e  p o t e n t i a l  i s  determined by t h e  r e a c t i o n  
- o + H ~ O  + 26- e H O ~  + OH- 2 
The e l ec t rode  p o t e n t i a l  is: 
E =  E= RT 2F 
- In  a a 
O2 *2O 
pav ies ,  Clark, Yeager and Hovorka (10) showed w i t h  i so tope  
Yeager (9)  summarizes the  mechanism i n  a l k a l i n e  e l e c t r o l y t e  
i n  t h i s  scheme: 
O r  Or O r  
- 
When H02 
reduced e i t h e r  e lec t rochemica l ly ,  
is formed i n  a 2-electron r e a c t i o n ,  i t  can be f u r t h e r  
' . .  . .  
. (4) 
- 
H O ~  + H ~ O  + 2e-+3 OH- 
or be decomposed c a t a l y t i c a l l y  
BOz-+ OH- + 0 ( 5 )  
The oxygen i s  f u r t h e r  reduced e lec t rochemica l ly  so  t h a t  t h e  
t o t a l  amount of e l e c t r o n s  i s  4. Yeager has  worked with carbon 
e l e c t r o n s  of high densi ty .  He showed (11,12) t h a t  oxygen 
r educ t ion  on czlrbon i n  a 2-electron process  with H02 
in te rmedia te  and t h a t  t h e  f u n c t i o n  of a s i l ve r  c a t a l y s t  on 
carbon i n  t o  promote t h e  decomposition o f  t h e  peroxide.  
- 
as an  
b 
4.3 
React ion mechanism on metals 
The r e a c t i o n  mechanism f o r  oxygen reduct ion  on me,tals has  
recei-cred much a t t e n t i o n .  Damjanovic, Dey and Bockris ( 5 )  
and Gnanamuthu and P e t r o c e l l i  ( 6 )  have l i s t e d  16 d i f f e r e n t  
r e a c t i o n  pa ths ,  each pa th  with d i f f e r e n t  s t e p s  which might 
be rate-determining. The s lope  of  t h e  Tafe l  l i n e  is  due t o  
t h e  rate-determining s t e p ,  and t h e  t h e o r e t i c a l  s lope  has been 
c a l c u l a t e d  f o r  each s t ep .  
The intermediate  s t a g e s  i n  these  p a t h s  a r e  peroxideland 
oxygen adsorbed i n  molecular o r  atomic form o r  i n  su r face  
oxides.  One of t h e  main d i f f i c u l t i e s  i n  determining t h e  
mechanism i s  t h a t  s eve ra l  s t e p s  have t h e  same t h e o r e t i c a l  
17 ... 
1 
i .  
Tafel  slope.  The pa th  and r .d.s.  can be changed with varying 
e l e c t r o l y t e ,  e l e c t r o c a t a l y s t  and p o t e n t i a l .  The s i t u a t i o n  can 
be f u r t h e r  complicated by s i d e  r eac t ions .  
Hydrogen peroxide has been de tec t ed  when oxygen i s  reduced on 
nickel ( ? 3 ) j  platinimm (12, 13; 14);gold (15) and s i l v e r  (16 ) .  
Damjanovic, Genshaw and Bockris (13) conclude t h a t  oxygen 
reduct ion  on platinum i n  a l k a l i n e  s o l u t i o n  occurs  i n  two 
pa ths  simultaneosly a t  comparable r a t e s .  One of these  two 
pa ths  has hydrogen peroxide (H02-) formed as an intermediate  
which p a r t i a l l y  reduces f u r t h e r  a t  the  e l ec t rode .  
Shumiiova e t  a1 (16) reduced oxygen on smoth s i l v e r  i n  a l k a l i n e  
e l e c t r o l y t e  and found hydrogen per0xid.e a t  0,85 V vs hydrogen 
e lec t rode .  W i t h  t h e  p o t e n t i a l  s h i f t i n g  i n  t h e  ca thodic  direc-  
t i o n ,  a sharp  decrease i n  t h e  hydrogen peroxide y i e l d  occurred. 
V i e l s t i c h  an6 Mrha (17) have s t u d i e d  t h e  change i n  p o t e n t i a l  
wi th  oxygen pressure  
a t  very low cathodic  c u r r e n t s  wi th  s i l v e r c a t a l y z e d  carbon 
e l ec t rodes ,  and found an e l e c t r o n  consumption of 2.6 i n  the  
f irst  s t e p  p e r  O2 molecule a t  cu r ren t  d e n s i t i e s  sg 1pA/cm . 2 
resu l t  i s  explained by t h e  simultaneous occurrence of t h e  
r e a c t i o n  ( e l ec t ron  consumption 2 per  o m o ~ e c u ~ e ) .  2 
This 
B e r l  
o2 + H ~ O  t 2 e - + ~ 0 ~  - + OH- 
and t h e  reduct ion  of chemisorbed oxygen ( e l e c t r o n  consumption 
4 per  o2 molecule) 
2 Ag. .’. 0 t 2H20 + 4e-+ 40H- 
4.4 
Hydrogen peroxide decomposition 
The decompositicn o f  hydrogen peroxide i s  favored  by s t r o n g  
a l k a l i n e  solu!,icri,  icnperatura and e l e c t r o c a t  a l y s  t s 1 ike  
~- .-I -L-, I ,  . .  7 7  . n  , 8 .. I .  . . .  
-a- 18 
rece ived  s u r p r i s i n g l y  l i t t l e  a t t e n t i o n  (18) and we have not  
found an experimental comparison i n  the  l i t e r a t u r e  between 
s i l v e r ,  palladium and platinum with the  su r face  r e a c t i o n  
rate-de termining . 
Smith e t  a1 (19)  have measured t h e  open-circui t  p o t e n t i a l s  
f o r  s i lver ,  palladium and p l a t i n m  i n  5 ?iI KOH, 1 N H202 at  
30 C. They found -250 mV from r e v e r s i b l e  oqygen p o t e n t i a l  f o r  
s i l v e r  and - 340 mV f o r  palladium and ?lat inume The e l ec t ro -  
des could be loaded up t o  about 100 mA/cm2 wi th  l i t t l e  addi t ion-  
a l  po la r i za t ion .  The d i f f e rence  between s i l v e r  and the  p l a t i -  
num metals i s  90 mV. If t h i s  p o t e n t i a l  d i f f e rence  i s  due t o  
d i f f e rences  i n  H 0 2  concent ra t ion  a t  t h e  e l ec t rode  su r face ,  




concent ra t ion  on A g  than P t .  
Hurlen e t  a1 (20) have s t u d i e d  hydrogen peroxide decomposition 
i n  1 M KOH conta in ing  0 , l  M H202 at  25OC, The i n i t i F 1  con- 
s t a n t  rate i s  0,04 - 0,08 m l  OZ/cm /mine which i s  Equivalent 
t o  t h e  l i m i t i n g  d i f f u s i o n  cu r ren t .  The peroxide decomposition 
from an o r i g i n a l l y  very l o w  concent ra t ion  near  t h e  e l ec t rode  
su r face  i s  of  course d i f f i c u l t  t o  study d i r e c t l y  on d i f f e r e n t  
e l ec t rode  materials . 
2 
4.5 
Adsorption on t h e  e l e c t r o d e  su r face  
Chemisorption o f  oxygen and oxide formation are thermodyna- 
mically poss ib le  f o r  s i l v e r ,  palladium, platinum and n i cke l  
i n  contac t  w i t h  oxygen. 
Wroblowa, Rao, Damjanovic and Bockris  (21 ) have r e c e n t l y  
publ ished a paper on e l e c t r o s o r p t i o n  o f  oxygen a t  a platinum 
e l e c t r o d  i n  a c i d  so lu t ion .  Other platinum metals  has also 
been s t u d i e d  i n  a c i d  s o l u t i o n  (22) .  
E lec t roso rp t ion  of  oxygen i n  a l k a l i n e  s o l u t i o n  has  not  rece ived  
much a t t e n t i o n ,  and we have not  been a b l e  t o  f i n d  a d i r e c t  
comparison between s i l v e r ,  platinum and palladium, 
I n v e s t i g a t i o n s  o f  adsorp t ion  o f  oxygen from gas phase 
ou t  e l e c t r o l y f e )  have shown d i f f e r e n c e s  between s i l v e r  arid 
(with- 
platinum. Bond (18) h a s  t abu la t ed  t h e  e l e c t r o n e g a t i v i t y  o f  
t h e  adsorbed oxygen ( i n  atom f o r m ) ,  t he  su r face  p o t e n t i a l ,  which 
is  -0,2 V f o r  s i l v e r ,  -1 , l  t o  1 , 2  V f o r  platinum, -0,9 t o  -1,25 
V f o r  palladium and -1,4 t o  -1,6 V f o r  n i cke l  r e f l e c t i n g  dif-  
fe rences  i n  the oxygen - metal bond. 
Q ~ ~ ~ T , . . .  U U I I U I c , I  f Q 1 1  , L d )  L..-. 1 a . D  s t t id ied  cjxygen adsorp t io i?  from gas phase. He 
concluaes t h a t  a t  l e a s t  two types  o f  chemisorption e x i s t  on 
s i l v e r ,  presumedly d i f f e r i n g  i n  t h e i r  coord ina t ion  with s i l v e r  
atoms. Some s t rong ly  bound oxygen i s  a l s o  occluded below t h e  
sur face .  Czanderna (24) has a l s o  s t u d i e d  adsorp t ion  f r o m  gas  
phase and conclude t h a t  both a t o m i c  and molecular oxygen e x i s t  
on a s i lver  surface.  
. .  
The main d i f fe rence  between adsorp t ion  i s  gas phase arid ad- 
s o r p t i o n  from so lu t ion ,  i s  t h a t  adsorp t ion  of  oxygen d isso lved  
i n  t h e  e l e c t r o l y t e  i s  a replacement r e a c t i o n  where t h e  oxygen 
r e p l a c e s  water o r  o t h e r  spec ies .  A monograph on e lec t rosorp-  
t i o n  has r e c e n t l y  been publ ished by Gi l ead i  (25) .  
The e l e c t r o s o r p t i o n  of oxygen i s  competing with seve ra l  o the r  
spec ie s ,  inc luding  H20, OH-, K and H02 . The e l e c t r o s o r p t i o n  
i s  inf luenced by t h e  p o t e n t i a l  of zero  charge,  which i s  about 
-0,45 V f o r  s i l v e r  and +0,35 V for platinum ( 2 5 ) 0  These da t a  
have not been measured i n  s t r o n g  a l k a l i n e  s o l u t i o n ,  and they 
w i l l  be s h i f t e d  bo th  by adsorp t ion  of OH- adso rp t ion  of  oxygen 
and poss ib ly  abso$ption i n  s i l v e r  of oxygen. The measured 
va lues  ind ica t e ,  however, a d i f f e rence  i n  p o t e n t i a l  of zero 
charge between s i l v e r  and platinum. 
+ 
The l a r g e  d i f f e rences  i n  oxygen adsorp t ion  from gas phase on 
s i l v e r  and platinum as well  as t h e  d i f f e rences  i n  p o t e n t i a l  
of zero  charge i n d i c a t e  t h a t  l a r g e  d i f f e r e n c e s  i n  oxygen 
e l e c t r o s o r p t i o n  on s i l v e r  and platinum are poss ib l e .  
4.6 
Open c i r c u i t  p o t e n t i a l  
The r e v e r s i b l e  oxygen p o t e n t i a l  has  not y e t  been reaohed on 







Hoare (26)  made an oxygen e l ec t rode  r e v e r s i b l e  i n  a c i d  solu- 
t i o n  by t r e a t i n g  platinum with HITO t o  form a s p e c i a l  oxide. 3 
Sandler  (23) t r i e d  t h i s  e l e c t r o d e  t reatment  i n  a l k a l i n e  
s o i x t i o n ,  j u t  d i d  not f i n d  t h e  re-"-ersible p o t e n t i a l  and no 
major difference i n  p o t e n t i a l  when comparing with m t r e a t e d  
platinum, 
The open-circuit  p o t e n t i a l  is assumed t o  be a mixed p o t e n t i a l  
from t h e  r eac t ions  ( 2 7 ) :  
H O ~  e OH-+O* e H ~ O  + 2e- 
M - o + H ~ O  + 2e- ---++OH- + M (9 1 
. .  
There a r e  two main p o s s i b i l i t i e s  reach  a more p o s i t i v e  va lue  
from t h i s  mixed p o t e n t i a l :  
1. The su r face  concent ra t ion  of  hydrogen peroxide ions  i s  
lowered by means o f  decomposition, 
2. The e l e c t r o s o r p t i o n  of oxygen occurs  i n  way t h a t  i nc reases  
t h e  chemical p o t e n t i a l  of adsorbed oxygen, 
The d i f f e rence  i n  behavior between s i l v e r  and t h e  platinum 
metals i s  due t o  one of these  p o s s i b i l i t i e s ,  The peroxide 
decomposition p o s g i b i l i t y  means t h a t  s i l v e r  lowers t h e  peroxide 
i o n  concentrat ion t o  about 10 . M and platinum and palladium 
t o  10-7 - 
-9 
M a t  0,5 mA/cm2 for a porous e l ec t rode ,  
4.7 
Comparison at h igh  p o l a r i z a t i o n  
Hartner ,  Vertes ,  Medina and Oswin (28)  s t u d i e d  oxygen reduc- 
t i o n  on f l a t  p l a t e s  of platinum, palladium, s i l v e r  and gold i n  
5 M KOH at 25'C. A t  a high p o l a r i z a t i o n  o f  800 mV they  found 
t h a t  the  cur ren t  i nc reased  with oxygen p res su re  b u t  w a s  in- 
dependent of  the e l ec t rode  ma te r i a l .  The surfac, reacticn including 
hydrogen peroxide decomposition i s  very  r a p i d  a t  high pola- 
r i z a t i o n  and mass t r a n s p o r t  is  r a t e - l imi t ing .  This i s  ir, 
agreement with o u r  r e s u l t s  i n  t h i s  r e p o r t  f o r  s i l v e r ,  pa l l a -  
dium and platinum, 
21 - I -  
4.8 
Comparison with mathematical lreatinents of t h e  "Thin-f i l m  model1' 
The ttThin-film model" of porous gas-d i f fus ion  e l ec t rodes  was 
f irst  t r e a t e d  by Austin e t  a1 (8).  Their. eva lua t ion  cons iders  
mass t r a n s p o r t  p o l a r i z a t i o n  through a l i q u i d  f i l m  and OH- ion  
rlall~,yur arvl,t; the film, I..& --a +L- --i m-:--.+;nm 
t h e  sur face  r eac t ion .  This  i s  a l i m i t a t i o n  i n  t h e  reg ion  of 
low p o l a r i z a t i o n  where w e  have shown t h a t  t h e  su r face  r e a c t i o n  
is important. A more d e t a i l e d  t reatment  has r e c e n t l y  been 
c a r r i e d  ou t  by Sr in ivasan  and Hurwitz (29) They h- ave made 
c a l c u l a t i o n s  i n  t h e  case xhere a l l  forms o f  p o l a r i z a t i o n  - 
a c t i v a t i o n ,  nass t r a n s p o r t  and ohmic - a r e  considered,  vary ing  
t h e  k i n e t i c  and phys ica l  parameters.  
u u u  L L U U  U U G  j = J u l a l l L l C L C ' - L " I L  "CIIUU"U by .c,,,,-,-I. "l,. 
Fig.  19 compares t h e  numerical c a l c u l a t i o n s  according t o  
Aust in  e t  a l ,  t h e  numerical c a l c u l a t i o n s  according t o  
S r in ivasan  ar,d Hurwitz ( 2 9 )  which a l s o  cons iders  a c t i v a t i o n  p 
p o l a r i z a t i o n ,  and our  experimental  va lues  f o r  s i l v e r ,  pa l l a -  
dium and platinum e l e c t r o c a t a l y s t s  i n  4 M KOH a t  5OoC. 
The shape of the experimental  curves  is d i f f e r e n t  from t h e  
c a l c u l a t e d  cume according t o  Aust in  e t  al, b u t  similar t o  
t h e  curve cal-culated by Sr in ivasan  and Hurwitz This i n d i c a t e s  
aga in  t h e  s t rong  inf luence  f r o m  t h e  su r face  r e a c t i o n  on the  
p o l a r i z a t i o n  at l o w  cu r ren t  d e n s i t i e s  The agreement between 
the measured experimental curves  arid t h e  nune r i ca l  ca lcu la-  
t i o n s  of Sr in ivasan  andHurwitz i s  good, < n s i d e r i n g  t h e  
d i f f e rences  i n  physical  parameters andsomc d i f f e rences  between 
t h e  model and a real  porous e l e c t r o d e ,  e.g. uneven l i q u i d  f i l m s  
in t roducing  a t o r t u o s i t y  f a c t o r .  
Table 5 compares t h e  numerical va lues  used by Sr in ivasan  and 
Hurwitz with our experimental  da ta .  
Table 5. Kine t i c  and phys ica l  pa raae te r s  
DnFco f r2 4 .  
-1 -1 Ajcn ohm 'cm cm cm 
Sr in ivasan  and Hurwitz 1 o-6 1 1 0-4 10-5 
Experimental condi t ions 3 l.0-6 0,75 3 10-4 10-4 
0 c = concent ra t ion  o f  r e a c t a n t  
r2 = r a d i u s  of t h e  pore 
= f i l m  th ickness  A r  
S r in ivasan  and Hurwitz used an  exchange cu r ren t  dens i ty  o f  
10 
s i t y  f o r  oxygen r educ t i cn  i s  considerably lower than 10 . 
A/cm . According t o  Bockris (30) t h e  c a l c u l a t e d  curve must be 
t ranaposed towards an increased  po la r i za t ion .  We have s h i f t e d  
the  curve 0,18 V t o  account f o r  t h e  l o w e r  exchange cu r ren t  
dens i ty .  




CONCLUSIONS AND FUTURE PLANS 
S i l v e r ,  palladium and platinum e l e c t r o c a t a l y s t s  i n  porous 
n i c k e l  have a d i f f e r e n t  behaviour i n  e lectrochemical  reduc- 
t i a c  nf n ~ g s ? l :  
S i l v e r  has  a lower p o l a r i z a t i o n  from t h e  r e v e r s i b l e  oxygen 
e l ec t rode  than  palladium and platinum a t  open c i r c u i t  and a t  
a low cu r ren t  load. This d i f f e r e n c e  is  e i t h e r  due t o  d i f f e -  
rences  i n  e l e c t r o s o r p t i o n  of oxygen o r  t o  d i f f e r e n c e s  i n  
hydrogen peroxide i o n  (HO -) decomposition rate.  2 
The rate of oxygen reduct ion  a t  high p o l a r i z a t i o n  is approxi- 
mat ive ly  t h e  same f o r  these  c a t a l y s t s  and determined by mass 
t r a n s p o r t  of O2 through t h e  l i q u i d  f i l m  and OH- a long the  f i l m .  
The inverse  s1C-e of  t h e  p o l a r i z a t i o n  curve a t  high polar ixa-  
d i  t i o n  - i s  propor t iona l  t o  t h e  mass t r a n s p o r t  func t ion  
The decay of  p o l a r i z a t i o n  a f t e r  cu r ren t  i n t e r r u p t i o n  is 'fas- 
te r  wi th  s i l v e r  e l e c t r o c a t a l y s t  t han  platinum and p a l l a d i w ,  
The reason i s  again e i t h e r  f a s t e r  peroxide decomposition or 
a d i f f e r e n c e  i n  e l ec t roso rp t ion .  
Future  p lans  include measurements with gas mixtures ,  O2 - A r  
and O2 - H e  t o  study mass t r a n s p o r t  i n  gas phase by mixed 
d i f f u s i o n  technique. 
6 
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POTENTIAL VS REVERSIBLE OXYGEN ELECTRODE (SAME ELECTROLYTE ) 
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